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SUMMARY 


A general method has been developed for calibrating strain-gage 
installations in aircraft structures, which permits the measurement in 
flight of the shear or lift, the bending moment, and the torque or 
pitching moment on the principal lifting or control surf&ces. Although 
the stress in structural members may not be & simple function of ihe 
three loads of interest, & straightforward procedure is given for numeri- 
cally combining the outputs of several bridges in such a way that the 
loads may be obtained. Extensions of the basic procedure by means of 
electrical combination of the strain-gage bridges are described which 
permit compromises between strain-gage installation time, availability 
of recording instruments, &nd data reduction time. The basic principles 
of strain-gage calibration procedures are illustrated by reference to 
the data for two aircraft structures of typical construction, one a 
straight and the other & swept horizontal stabilizer. 


INTRODUCTION 


The measurement of loads on aircraft in flight is required for a 
variety of purposes such as in research investigations, structural integ- 
rity demonstrations, and developmental flight testing. Although pressure- 
distribution methods permit the determination of aerodynamic loads without 
corrections for inertia effects, pressure installations must be very com- 
plete in order that accurate load data may be obtained. Since the time of 
installation and data reduction may be lengthy, the general use of 
pressure-distribution methods in the measurement of loads on aircraft in 
flight is avoided except when specific detailed load-distribution data 
are desired. 


lSupersedes the recently declassified NACA RM L52G21, “Calibration of 
Strain-Gage Installations in Aircraft Structures for the Measurement of 


Flight Loads" by T. H. Skopinski, William S. Aiken, Jr., and Wilber B. Huston, 


1952. 
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À more useful tool for the measurement of the over-all loads on air- 
craft structures appears to be the wire resistance strain gage. Properly 
installed and calibrated, such gages may be used to determine the struc- 
tural loads on control surfaces, landing-gear structures, and relatively 
complex built-up wing and empennage assemblies. The measured structural 
loads can, in turn, be converted to aerodynamic loads provided the struc- 
tural weight distribution is known and the acceleration distribution has 
been measured. 


References 1 to.5 illustrate various strain-gage calibration tech- 
niques, certain elements of which are_common to a general method which 
has been used successfully in flight loads research by the National 
Advisory Committee for Aeronautics since 1944; references 6 and T contain 
typical flight loads data obtained by the application of this general 
method. Because of the increased interest in strain-gage methods, and 
in an attempt to resolve some of the difficulties which are being encoun- 
tered in the use of strain gages for flight loads measurements, the pre- 
sent paper is being published. 


In this paper a basic calibration procedure is developed for cali- 
brating strain-gage installations on aircraft structures which permits 
the measurement in flight of the shear, bending moment, and torque. 
Extensions of the basic procedure by use of electrical combination of 
strain-gage bridges are described which permit compromises between 
strain-gage installation time, availability of recording instruments, 
and data reduction time for flight measurements. Since many of the ele- 
ments of the calibration procedure are best illustrated by reference to 
and use of experimental data, this paper also includes calibration data 
and analysis procedures used for two typical aircraft structures. In 
addition, three other calibration procedures of very limited application 
are briefly discussed in an appendix. 


SYMBOLS 


Lo general symbol for shear, bending moment, or torque 


(see eq. (40)) 


M bending moment, in.-lb 
T torque, lb-in. 
V shear, lb 7 i 


Note: Prime (!} denotes applied values of calibrate loads. | = 
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cal 


Subscripts pertaining to M, T, and V or Μ', T', and V': 


L left 
R right 


j number of applied loads for exact simultaneous -equation 
solutions 


n number of applied loads for least-squares solutions 


preliminary load coefficient for structure Α 
preliminary load coefficient for structure B 
final load coefficient for structure A 

final load coefficient for structure B 
constants in equation (34) 


element of inverse matrix 


distance from torque reference line, in. 
general term for nonlinear chord position effect 


distance perpendicular to center line outboard of strain-gage 
station, in. 


distance along sweep axis outboard of strain-gage station, in. 
general term for nonlinear span position effect 

constant in influence-coefficient equation 

constant in load equation 


deflection of galvanometer in strain-gage circuit 


calculated galvanometer deflection given by equation (35) 


deflection of galvanometer in strain-gage circuit due to 
shunting of calibrate resistor across one arm of the strain- 
gage bridge 


"nj 


Hy 
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residual, difference between calculated and applied shear 
nondimensional bridge response, δπαχ/δσς] 


nondimensional response of the ith uncombined strain-gage 
bridge (i = 1, 2, 3, ... J) 


nondimensional response of the yeh uncombined strain-gage 


bridge due to the 155 applied calibrate load (exact 
solution, i= 1l, 2, 3,.... 3) 
nondimensional response for the jeh uncombined strain-gage 


bridge due to the n*h applied calibrate load (least- 
squares solution, n> j) 


nondimensional response of an uncombined shear bridge 


nondimensional response of an uncombined bending-moment bridge 


nondimensional response of an uncombined torque bridge 


Additional subscripts for μ: 


Second subscript: 2 = 


L left side 


R right side 
F front spar 
M mid spar 

R rear spar 


FT front top 
FB front bottom 
RT rear top 


RB rear bottom 
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Third subscript: 
l strain-gage station 1 
2 strain-gage station 2 


Example: "TP. designates the nondimensional response of an 


uncombined shear bridge mounted on the left front spar at strain- 
gage station l 


p nondimensional response for electrically combined bridges, 


õmax/ Scal 


Note: Subscripts for p are the same as for u except that spar 
location of combined bridges is not required. 
Matrix symbols: 


Ἡ ] Square matrix 


| | rectangular matrix 


T 

| | transpose of rectangular matrix 
L | row matrix 
{ ] column matrix 

-1 
|] inverse matrix 
| F | | determinant of matrix 
i row index 


j column index 
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BASIC PROCEDURES FOR CALIBRATION 


General Conaiderations 


Although the use of the wire resistance strain gage for loads 
measurements is in some respects similar to its use in stress deter- 
mination, & somewhat different approach is required since strain is to 
be used only as a means of obtaining information about the loads. In 
stress measurement, a single strain gage is usually used to determine 
the stress in a member. In loads measurement, four-active-arm bridges 
are generally applied on the principal structural members in order to 
obtain higher sensitivity and relative freedom from the effects of 
uniform structural temperature changes. i 

In flight research the loads of primary interest are generally those 
on wing or tail surfaces, and, in order to-simplify the exposition of the 
procedures in this paper, descriptions are generally given in terms of a 
cantilever structure such as a wing or tail. The methods may, however, 
be utilized with other structures. — 

The first step in the measurement of flight loads by means of strain 
gages is & selection of the gage location, which depends on the measure- 
ments to be made. It is necessary to locate the gages at positions where 
the stress levels will be adequate to obtain good sensitivity and, at the 
same time, be away from areas of local stress concentrations. Α typical 
installation is illustrated in figure l(a), where four-active-arm bridges 
are shown installed on a typical two-spar structure. Ideally, it would 
be desirable to place the gages at a position such that a shear bridge 
would respond only to shear, and, as in reference 1, a moment bridge only 
to moment, and so forth, but generally it is only in an elementary truss 
type of beam that locations can be found where such a simple relationship 
between load and strain exists. 


The loads on a surface such as an airplane wing can be completely 
Specified.by three orthogonal forces (normal, chord, and end force) and 
by three orthogonal moments (beam bending moment; torque, and chord 
bending moment). The strain in a given structural member can, therefore, 
be expected to be some function of these six quantities, and this strain 
response must be taken into account in any scheme which relates bridge 
output to applied load. Such a scheme should also allow for the fact 
that, with a complex structure such as & wing or tail, the stress in a 
root member may be affected not only by the loads outboard of the bridge 
station but also by loads on the opposite side or inboard of the strain- 
gage station. This carry-over effect can be of significance with unsym- 
metrical loading conditions. Certain simplifications are possible, how- 
ever, since the end force on wings can be neglected, and the effects of 
chord forces will be negiigible for the types of strain-gage installation 
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shown in figure l. For a wing structure which obeys Hooke's law, the 
stress in a member and, therefore, the output of a strain gage mounted 
on that member may be taken as some function of the three principal 
terms pertinent to aerodynamic loađs investigations, the lift or shear, 
the bending moment, and the pitching moment or torque. 


Development of Equations 


The simplest relation between the output u of a strain-gage bridge 
and the loads (shear, moment, and torque) on a panel outboard of that 
bridge can be expressed by the linear equation 


μι = CFEM + aiM + 243 (1) 


In the presence of carry-over, an expansion of this relation would be 
necessary in order to include the response of the bridge to loads applied 
on the opposite side or inboard of the bridge station. Such additional 
terms are introduced where necessary in the section entitled "Application 
of procedures." 


The loads in equation (1) need not represent loads distributed over 
the entire area outboard of the strain-gage station provided the structure 
conforms to the principle of superposition; that is, the strain at a par- 
ticular location due to loads applied simultaneously to several points on 
the structure is the algebraic sum of the strains due to the same loads 
applied individually. In this case, the load in equation (1) could be a 
load with a shear value V applied at some point with coordinates x,y. 
Thus the load would have bending moment and torque values given by 


M = Vy 


(2) 
T 


Vx 


in which case equation (1) can be rewritten as 
μα 


Equation (3) implies that bridge output is proportional to the 
applied shear V and also that the relation between the output and the 
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coordinates of the point of application (x,y) is linear. Although the 
two types of linearity represented by equation (3) are rather severe 
restrictions, certain calibration procedures have essentially been based 
on this equation, and are treated briefly in the appendix. In the general 
case, equation (3) is not adequate. Although structures have usually 
followed Hooke's law, additional terms involving other than the first 
power of the coordinates are required if an explicit expression for 
bridge response is to be written. Nonetheless, equation (3) is useful 

in evaluating the performance of a bridge, if loads are applied at a 
number of points on the surface and the bridge output expressed as μ/Υ 
is plotted against the y coordinate of the point of application with 

X as an independent-parameter. Shear sensitivity is represented on such 
& plot by the intercept (equal to O41) when x= y= 0. Bending-moment 


sensitivity is shown by the slope a ;5 of a plot of μ/ν against y 


for & constant value of x, whereas torque response is represented by the 
variation of uV with x at constant values of y. The value of u/V 
thus represents a sort of strain-gage influence coefficient, and since it 
represents the influence on the bridge output of & load at & given point, 
plots of u/V against x and y are termed "influence-coefficient 
plots." Curvature in these plots for.load8 applied along any straight 
line on the structure indicates the necessity of including additional 
terms in the bridge-response equation. Although the form of these addi- 
tional terms could perhaps be specified on theoretical grounds for some 
structures, it is shown that it is not necessary to know explicitly what 
these additional terms are. 


An extension of equation (3) which includes additional terms 
involving the coordinates and which could apply to any of the bridges 
located in the structure is 


μι = Qi 4V + io Vy + αι Vx + Oo Vxy + 


2 2 —r 8 
α Vx +a Vy ll. + Oy Vx y (4) 


A calibration procedure can be evolved which allows for the presence of 
the additional terms by establishing relationships between applied load 
and the outputs of a number of bridges. The basis of this procedure and 
its application are illustrated in the equations which follow. 


When bridges exhibit responses which can be represented by equa- 
tion (4), with a finite number of terms (say j), then equations may be 
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- written to relate the applied shear and its point of application to the 
output of each of j bridges as follows: 


rs 
μη = QV + ΠΟΙ + ση αν Χ + Qa V XY T... Gy VX y 
Ho = Gm4V + ay y + OVX +O, Vxy +... + ᾱρ NX Y 
H3 = Q31V + Q3oVy T Q33VX + 3) VXy ο E. ag Vx” y^ (5a) 
μα = Q 41V + SVY + α ανα + O 4, Vxy + ... 5 a, XY, 
" These equations are expressed in matrix form as 
9 “13 
"2g 
9 σα, 
(5b) 


or 


i - [= | ve (5c) 


> Equations (5) express the output of a number of bridges as a linear 
function of an equal number of terms of the type VxTy®8. The inverse 
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relation is therefore true that the loads can be expressed as a linear 
function of the outputs of j bridges, or 


tex = fe {eh (6) 


where l - ae 


[E] = [d ^ (7) 


The necessary mathematical condition for the existence of a solu- 
tion for the 8 coefficients of equation (6) is that the determinant 
of the a coefficients of equations (5) shall not vanish, that is 


ICE (8) 


This condition means that the j strain-gage bridges must have dif- 
ferent characteristics, that is, the values of a for each bridge must 
not_be linearly related to the values of a for the other bridges. If 
this solution exists, it is not necessary to know the values of the con- 
stants αἱ in the influence-coefficient equations (5) since the load 


coefficients B,, in the load equations (6) could be determined by & 


suitable procedure. The primary purpose of the procedure, however, is 
to establish relationships between bridge response and the three loads, 
shear, moment, and torque. It is therefore not necessary to evaluate 
all of the β coefficients in equation (6) but only the values of the 
coefficients in the first three rows, that is: 


V Biz Bin Biz +: + 


Me = 11851 B22 Boz ::: (9) 


T B31 B32 B33 a 8 e 
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If these coefficients can be established, then equation (9) could 
be used for the determination of loads in flight from strain-gage 
responses. 


The coefficients Bi, : : - B15 in the equation for shear 
ail 
Ho 
μ. 
V = [Pu Bas. Ban. ais 513 3 (10&) 
PU] 


or transposed as 


V= |^ Ho Hag sose gi 3 (10b) 


can be determined if a number of known loads with shear values V4 
to V', are applied to the structure. In view of equation (4) these 


loads must be applied at various chordwise and spanwise locations. If 
the number of applied loads is equal to the number of bridges j, then 
these loads and the bridge outputs can be written as 


1 
v May Κρ «:: Ej [Pu 
1 
Ve Hoy Hop + * * Hos] [Bip 
= (11a) 
Vv! 


j Hyji Has cocos ΜΡ 


12 | NACA TN 2995 


or 


(3-8 om 


and the coefficients {5} can be determined from the solution of the 


simultaneous equations, or since matrix inversion is equivalent to 
solution of the simultaneous equations, 


8 -[ῃ δη n2) 


In general, the number of bridges required in equations (5) and 
thus in equations (9), (10), and (11) is not known in advance, and there- 
fore the exact number of calibrate loads required cannot be specified. 
If j bridges are available, all of which might be required, then n 
calibrate loads can be applied where n> j, and the values of the load 
coefficients Bii PEE" Big can be obtained by least=squares pro- 


cedures. Such a solution involves calculation of the least-squares 
normal equations and solution of the resulting simultaneous equations. 
These steps can be represented conveniently as a series of matrix oper- 
ations. The responses Hn ἡ of ἃ bridges to each of n applied loads 


would be related to the shear values of these loads ΥΠ... V'i by 
the equation > 


VS PII Cs. s er dp 

? 
Va Hoy Hoo + * * Ηρ | 1ο 

e = ° . r . * r (138) 
V'n Hal Γρ : Hng P114 


or 


is = ||/n3] | iu (13b) 
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bridge responses transposed, gives the least-squares normal equation 


Tm τ = ΠΠ fesh (14) 


and the values of the load coefficients bul are determined by solu- 


tion of the j simultaneous equations, or 


fi = [ipsa isl] ea Gt Ὁ 


When the n loads with shear values V', are applied at the 


n loading points, n values of bending moment and torque are fixed 
(eq. (2)) and thus the procedure outlined in connection with equa- 


tions (11) to (15) can also be used to determine the values of {Pay b 


and 1632 equation (9), which are needed to evaluate moment and torque. 


The necessary condition for the existence of the least-squares 
solution (15) to equation (14), that the determinant of the matrix of 
the normal equations is greater than zero, or 


[ΟΠ 


requires that bridges with similar response characteristics should not 
be used together. 


-0 (16) 


Selection of Bridges 


As pointed out in connection with equations (5) the number of 
bridges required for & given load equation depends upon the response 
characteristics of the bridges. Experience has shown that, when shear 
bridges &re placed at & given station on the webs of &ll spars, bending- 
moment bridges on the flanges or skin, &nd torque bridges in the torque 
boxes, enough bridges will be available to develop an equation for shear, 
or moment, or torque. Usually more than enough bridges are available. 
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If the ὃ in equation (9) is taken as all the available bridges, 

then the particular form the equation should take for 8 particular 
structure — that is, which of the values of B are zéro — depends upon 
the nature of the structure: Often the form can be determined by 
analogy With other structures, but some bridges may have such similar 
characteristics that the output of one is a linear multiple of the out- 
put of another (redundant) or some may be irrelevant (B = O). Redun- 
dancy can sometimes be recognized from examination of the influence- 
coefficient plots.  Irrelevancy is not always so easily determined and 
an advantage of least-squares solution for the load coefficients lies 
in the availability of standard statistical methods for determining the 
reliability and relevancy of any equation. Several checks may be 
employed. By referring to equation (10) for shear, one check is to 
substitute the n sets of measured values of bridge response Hnd into 


the load equation and compare the n calculated values of shear with 
the n applied values. Defining a residual ,€y as the difference 
between calculated and applied values of shear, or 


Jev s en (17) 


gives the probable error of estimate of shear values obtained from egua- 
tion (10) as 


P.E.(V) = 0.6745 (18) 
where 
n number of loads applied 
q number of terms in calibration equation 


> ey sum of squares of the residuals which may be calculated from 
the relationship | 


Ya? =>)” - [z3 Jal fr (19) 


where the column matrix on the right has already been calculated 
in connection with the solution οὔ equation (15) 
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The probable error (ref. 8) in any of the calibration coefficients 
is obtained from the probable error of estimate for the equation and 
from the terms on the principal diagonal of the matrix 


m1 mo e ο ο Tra 

πρι Hoo +--+ Moj " x 

A2 e - [Iss] [leall (20) 
id me t «-ῳ mij 


where the matrix on the right also appears in the solution of the least- 
squares normal equation (15). The relation for the probable errors of 


Εν πόνῳ ΠΝ ΓΕ 


P.E.(B11) mi. 
P.E. (B12) (ize 
= P.E.(V){ . (21) 


P.E. (84 5) "Em 


and similar relationships apply to the probable errors in the load coef- 
ficients in equations for bending moment and torque. With the coef- 
ficients and their probable errors computed, it is possible to check the 
calibration equation for inclusion of irrelevant bridges and redundancy. 
The load coefficient B of an irrelevant bridge is ordinarily small in 
comparison with its probable error and in comparison with the coefficients 
of the other bridges. Redundancy is evidenced by large probable errors in 
all coefficients, generally as a result of large values of mj] . . . m5 4 


rather than of the probable error of estimate. Improved results can often 
be obtained by dropping one or more redundant bridges and recomputing the 
B coefficients. For detailed comparisons of a number of load equations 
involving various selections of the available bridges, an objective test 
of the significance of any improvement is provided by the F-table, see, 
for example, reference 9. 
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Procedures for Bridge Combination 


When the values of the load coefficients β in equation (9) have 
been obtained, they can be used directly with the measured outputs of 
the individual bridges for the evaluation of flight data.  Punched-card 
methods are particularly convenient for handling the large quantities 
of numerical work involved if loads are required in time-history form. 
By electrical combination of the output of several bridges, it is, how- 
ever, possible to simplify flight recording and to reduce data reduction 
time. 


Full combination procedure.- If the shear expression in equation (9) 
requires j bridges and the load coefficients βΒβ11 . .. B13 have been 


obtained by least squares, the equation for shear would be 


Factoring out the coefficient with the greatest magnitude, say 
Bios gives | l 


B B 
V= zem μι Ηρ... κοὐ μὴ (23) 
l2 l2 


By suitable choice of attenuating resistors, the outputs of bridges 1, 
3, 4, . . . j can be added to the output of bridge 2 to produce a new 
combined bridge with an output A, which is proportional to the sum 


Eu tuote. a So Hye This output is a direct measure of shear 


&lone, or 


V = B'A (24) 


A similar proceđure can be used to obtain combined channels which provide 
direct measurements of bending moment or torque. The βῖ coefficients 
are obtained by a final calibration, applying loads at various chordwise 
and spanwise locations as in the preliminary calibration. 


An electrical circuit which accomplishes the addition of SIE hh to 


12 
Ho is shown in figure l(c). The attenuating resistance R, is related 


3E 
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to the resistance of the individual gages R and to the reciprocal of 
the combining ratio B11/P1o by the equation 


P11 
i When the circuit is extended to include more than two bridges, an 


equation of the form of equation (25) applies to each of the attenuated 
bridges. Since, however, with direct-current circuits, any given bridge 
can be used in only one circuit, use of this full combination procedure 
usually requires multiple installation of the individual strain-gage 
bridges. If carry-over were present, its use might require that some 
bridges be installed in sextuplicate. If the number of bridges which 
could be installed were limited, use of the full combination procedure 
could restrict the number of loads which could be measured. 


Partial combination procedure.- A partial combination procedure 
can be evolved which strikes & compromise between the dat& reduction 
time of the basic procedure (eq. (9)) απᾶ the bridge installation 
requirements of the full combination procedure. In this partial combi- 
nation procedure, data obtained during & preliminary calibration are 
used to combine bridges with the same primary sensitivity, that is, the 
Shear sensitive bridges on one side of the structure are combined into 
& single channel, the moment sensitive bridges on one side into & single 
channel, and torque sensitive bridges into & single channel. The struc- 
ture is then recalibrated to determine the final calibration coefficients. 
Ihe details of the procedure as given below are for a three-spar struc- 
ture subject to carry-over effects. The procedure can be extended to 
other structures, or simplified for structures without carry-over. 


The bridge installation for the structure chosen to illustrate 
the procedure is assumed to consist of three sets of shear, moment and 
torque sensitive bridges on each side (a total of 18 bridges), which by 
the basic calibration procedure might require the solution of six sets 
of equations involving as many as eighteen unknowns. Instead a pro- 
cedure is adopted which involves the solution of six sets of least- 
Squares equations based on certain simplified load equations, containing 
at most seven coefficients. For example, for left-side shear the equa- 
tion involves three shear bridges with outputs μι, Wo, and H3, the 


left-side moment, and the three loads applied on the right, or 
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By electrical combination of bridges with response μι, Uo, and μα a 


combined channel is obtained with an output primarily sensitive to shear, 
secondarily responsive to Mr, Vp, Mp, and Tp, and which by the least- 


squares process has minimized the effects of chordwise position of load 
on the left side (Ty) and any other terms of the type Vx"y®. 


In matrix notation the B coefficients are computed by a least- 
squares procedure starting with equation (26) or, 


VL [ui be μη Mp VR MR Τα Βαλ (21) 


The preliminary calibration data for the n values of applied shears 
and moments and corresponding bridge responses are 


{ ! Ρ11 
V μι Mia "13 M'n, V'rR, Mir, Try B12 
V! H M? y! Mt T 
Lo μοι Fea "23 “Lo ' Ro "Ra ~ Rall [813 
3 TI ο. (286) 

: : : ; Bis 
i i B16 

NS μαι Hno Pai Miz, Vin, Μπ, Try i 
iT 


or 


{vip = TRI) 


where ΤΕ is the rectangular matrix of equation (28a). 
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The least-squares normal equations are 


σος - [η] (25) 
Ux [1 ἡμ {us e) (30) 


The B coefficients for the preliminary equations for Mr, Tr, Vp, 


Therefore 


Mg, and TR are obtained in a similar manner from simplified load equa- 


tions similar to equation (26) and which may be summarized along with 
equation (28) in matrix form as 


S Ὁ. x [μα Ho τ. |. | Mi VR Mp Tg Bir Bay B31 Phi P5i β6ι 
Ee πο x | με “Ele | VL Vg Mp Tg Bio P22 P32 Pho Bee Β6ρ 


ο τν ας |r "8 "9l. |" Vn Mp Tg||||B13 P23 P33 843 B53 B63 


VR ----|Ι-5 [μ]ο Hoy “aly, | Ma M Μι τι Bay Boy Bay Bh. Bey Pe, (31) 
- Mp - [3 Pu μασ] YR Yn Mr τί [1115 Pes B35 Pus Bss Bes 
By wee dis [116 μιτ "efm | Ma Vp Mp Tr||||Bi6 B26 P36 Bue 856 Beg 


Bir Poy B37 Buy Psy Per 


where the terms on the principal diagonal of the left side are the only 
ones of interest. 


The known load coefficients 141, Bip» B13, -- + Bg, P62: P63 


in the upper portion of the B-matrix (eq. (31)) are used to calculate the 
attenuation required for electrical combination. For example, the attenu- 
ation factors for the shear sensitive combined bridge on the left side 
would be obtained from the equation 


B11 Bio P13 
Pv. (8 po um 3 (32) 
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where fẹ denotes the coefficient Β11, Bios or B13 with the 
largest magnitude. The six combined bridges with outputs Py,» Pris? 


Pay? Pvp? Peps Ane Pp 
calibrate loads (not necessarily the same as those used in the pre- 
liminary calibration) to the structure. This final calibration should 
include both symmetrical and unsymmetrical loading conditions. The 
final equations for use in evaluation of the flight data are of the form 


are then recalibrated by applying a set of 


στ, βΊηι Bro B'13 Bly B'45 Β]16 ev. 
Mr, βίρι Βὶρρ B'o3 Blok B'25 Β'ρ6ι [Puy 
TRE 1-3 38 ΡΒ Pak: Pape SÓ] Jem. reas 
VR B'hi B'he B'as Btyy. B'as Bie) levy 
Mg B'5i B's2 B'53 Bis, B'55 B'56| [μμ 
TR B'&j Blea P'g4 Bley B'es B'gg| [τη 


where the f! coefficients are evaluated by least squares. 


APPLICATION OF PROCEDURES 


To illustrate the application of the calibration procedures just 
outlined, the calibration of two representative structures is described 
in detail. The calibration of these structures presented most of the 
problems that have arisen in the course of the calibration of a great 
many Structures in the Langley &ircraft loads calibration laboratory of 
the Flight Research Division. In addition they also illustrate the use 
of the partial and full combination procedures. Structure A is a three- 
spar unswept horizontal stabilizer and elevator assembly with aspect 
ratio 6.7, taper ratio 0.29, and 12° dihedral. Structure B is a two- 
spar horizontal stabilizer with the quarter-chord line swept 35.6°, 
aspect ratio 4.65, taper ratio 0.45, and 10° dihedral. 


The strain-gage locations for structure A are shown in figure 2. 
Shear and bending~moment bridges of the type shown in figure l(a) were 
installed on all three spars at stations parallel to the center line. | 
The strain-gage locations for structure B are shown in figure 3. Shear 
and bending-moment bridges of the type shown in figure l(a) were installed 
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on both spars at station 1 (parallel to the center line) and at sta- 

tion 2 (perpendicular to the sweep axis). In addition, four torque 
bridges were installed on the skin between the spars at & station perpen- 
dicular to the sweep axis, on the left side. The leads from each strain- 
gage bridge were routed into individual balance circuits. Each circuit, 
figure l(b), contained & balance potentiometer Rg and a calibrate 


resistor Ra. When combined bridges were used, the attenuating resis- 


tors were incorporated in the manner indicated in figure l(c). Changes 
in current for either individual or combined bridges associated with 
strain changes in the structure under the application of calibrate loads 
were recorded by means of a spotlight galvanometer. Bridge sensitivity 
was made independent of voltage changes by shunting the known calibrate 
resistor Ry across one arm of either single or combined bridges and 


measuring the resultant galvanometer deflection cal. The calibrate 


loads applied to each structure whether they were point loads or distrib- 
uted check loads, were applied in five equal increments and removed in 
the same increments. Values of the galvanometer deflection δ were 
recorded for each load increment. A straight line of the form 


δ = κι + kv (34) 


was fitted to the ll data points by means of least squares, and the 
deflection used for the loading was the value given by the product of 
the least-squares slope k» and the calibrate load, or 


Snax = Eo X calibrate load (35) 


The value of u (or p) corresponding to the calibrate load was then 
taken as 


pa ΝΗ (36) 


An attempt was made to minimize any possible effects of elastic lag 
by running through several cycles of load before taking data, and by 
taking as a reference condition not the no-load condition but a datum 
determined by & preload. 


Structure Α 


The application of calibration procedures for obtaining shear and 
bending moment on & structure where large carry-over effects were present 
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is illustrated by structure A where the partial gage combination pro- 
cedure was used in order to measure both symmetrical and unsymmetrical 
tail. loads in flight with as few recording channels and as few strain 
gages as possible. The relationship between individual strain-gage 
response and applied loads for the structure was obtained by applying 
point loads at three spanwise and three chordwise positions per side 
for both the preliminary and final calibrations. The chord and semi- 
span locations of applied loads are shown in figure 4 and the values 
of shear and bending moment-are given in table I. Point loads were 
applied to the left side alone, the right side alone, and to both sides 
simultaneously. 


Preliminary calibration.- The nondimensional bridge response 
values μ for each of the 12 bridges for each of the 27 loads are given 
in table I, and the influence-coefficient plots u/V are presented in 
figures 5 to 8. To illustrate trends, curves have been faired through 
the dat& points. The equations for determining the load coefficients 
for electrical combination were based on equation (31) without torque 
measurement and some simplifications suggested by examination of the 
influence-coefficient plots (figs. 5 to 8). The simplified equations 
are summarized in matrix form as 


WD UE "Verg "Vy “Ver | MS - ΝΜ "|. fa T 981 753 T 
Mie ge ες. ἃς Moe Mm Mr| - Mr αρ ορ " “he "πρ 7 
ΓΕ |o 0 7 dT τ. ο κ... 
2 D VR E E = MV Rr MV Ev "Van | Mn B Mr, EE ooh E = aiy > 7 (37) 
E TOT MR = "Mag "May "Mnn | X n: My i εν z = =- m 


where the subscripts on the strain~gage response u denote the primary 
sensitivity and location of the bridge, and the By, of equation (31) 


have been replaced for structure A by the symbol 81 4” The values deter- 
mined for 844, to 856 by least-square procedures are given together 
with their probable errors in the top half of table II. 


By using the procedure of equation (32) and the largest a coef- 
ficients given in table II, the strain-gage bridges of equation (37) 
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were combined electrically to produce four partially combined bridges 
according to the following equations: 


fe) Ξ11 + + 23 
Vn 832 "Vig IM 812 "VIR 


a21 823 
= ee E 4 ------- 
"Mr, “20 Mog IM Poo “LR 
(38) 
a a 
41 ho 
= — To— T 
"Vg a43 Var 843 ‘RM "VaR 
a a 
22s + πο αρ 
"Mg asp "Mpp Mm asp "MRR 


Final calibration.- The structure was loaded again with the same 
loads as in the preliminary calibration.  Influence-coefficient plots 
for and fig. show the response of the 

Pv? PMy,? Pyp? PMp (fig. (9)) P 


combined bridges to the loads applied in the final calibration. The 
final shear and bending-moment equations, which were similar to equa- 
tion (33), were 


Vr, 8111 811 813 ? ii| [ου 
"L| — |*21 2'22 9'as Bay] Jar (385 
YR} [ναι 53ο 533 *'ai| |Pvg 
μ Ίδια δρ 5η 8η TPM 


The final calibration coefficients a'j] to αμ are given in table II. 


Also given in table II are the probable errors of estimate obtained by the 
use of equation (18) and the probable errors in the coefficients obtained 
from equation (21). Zeroes in table II indicate that the corresponding 
bridges were found to be irrelevant. 


As a check on the applicability of equations obtained by the point 
load calibration to the determination of distributed loads as encountered 
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in flight, the distributed load ΑΙ shown in figure-10 was applied to 
the structure. For this loading the gage response, the applied and 
calculated values of shear and bending moment, the differences, and the 
percentage differences are given in table III. Sample calculations for 
the preliminary and final left-shear load coefficients for structure A 
together with the probable errors are presented in table IV. 


Structure B 


The application of calibration procedures for obtaining shear, 
bending moment, and torque on a swept structure is illustrated by struc- 
ture B for which a form of the full combination procedure was used. The 
data for structure B were obtained as part of & general investigation of 
calibration methods applied to swept structures. For this reason, 
although structure B is a horizontal stabilizer and carry-over effects 
were present, these effects were ignored in the preliminary calibration, 
and the data treated as they would be for a wing where carry-over effects 
are ordinarily not observed. For the final calibration, however, carry- 
over effects were included. 


Preliminary calibration.- The preliminary calibrate loads were 
applied on the left side alone and on the right side alone. The chord- 
wise and semispan locations of applied loads are shown in figure 11 and 
the associated values of shear, moment, and torque are given in table V. 
For the 16 bridges shown in figure 3, the bridge response coefficients μ 
corresponding to each point load &re given in table V and the corre- 
sponding influence-coefficient values in figures 12 to 16. In figure 17, 
the influence-coefficient data for the left shear and the left moment 
bridges at gage station 2 have also been plotted against the distance 
along the sweep line, measured from the intersection of the sweep axis 
and the center line. 


Of the many equations which might have been used to relate load to 
the outputs of the various bridges located on either the left or right 
sides, only a limited number were investigated. The limitation was 
guided by the nature of the influence-coefficient plots. The similarity 
of the response of each of the four torque bridges (fig. 16) suggests 
that redundancies will be introduced if more than one torque bridge is 
included in any equation. The similarity of the response of both front- 
and rear-spar moment bridges (figs. 14 and 15) and the comparative 
&bsence.of both shear effects and nonlinearities in the moment curves 
imply that little would be gained by using two moment bridges; the rear- 
spar bridges actually used had the highest moment sensitivity as shown 
by the greater slope of the influence-coefficient plots. These con- 
siderations suggested that the equations for the left side be limited 
to two shear bridges, a bending-moment bridge, and one of the four 
torque bridges. Equations for the right side were limited to two shear 
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bridges and a moment bridge. Although only one torque bridge was to be 
used in the equations for the left side, a check was made to: determine 
which of the torque bridges gave the best results. For the shear, 
bending moment, and torque at station l and shear and bending moment at 
station 2, this check involved a least-squares calculation of the coef- 
ficients of four different equations each involving & different torque 
bridge (20 solutions in all). These equations can be represented by the 
general form 


{tp - + (40) 
bpi Ὦρρ Pos Pph| "Mp. ο ο ο τρ] [um 


where Lp is a general load term and values of p from 1 to 5 corre- 
spond respectively to Ὕτη» Ντη; Tri» τρ, and Μτο" Although both 


bpl and bp2 are shown in equation (40), only the appropriate value 
is used for calculations at station 1 or station 2. The values of the 
coefficients byj1, . . . bsg are given in table Vi along with the 
probable errors and the probable error of estimate of each of the equa- 
tions. The coefficients were calculated by solution of the least- 
squares normal equations of the form of equation (15) obtained from the 
calibration data of table V. 


The probable errors of the coefficients were calculated by equa- 
tions of the form of equation (21) and the probable errors of estimate 
by means of equations of the form of equation (18). 


The bridges selected for combination were those with the smallest 
value of probable error and are indicated by asterisks in table VI. The 
aguations corresponding to the selected bridge combinations were 


bii 0 bi. bui " ο ο byg 

boy Ο bog doy . ο ο 5ρῃ|| |" Tg 
[τι O P4 ba “VLR *||b ο ο "Ten (41) 

O byo by, by, “Vir ο ο byy "Tp 
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For the right side where torque bridges were not installed, the 
equations for shear, bending moment, and πας at κος. and shear 
and bending moment at station 2 were - 


VR "ar ° big "|| πε, 

Μη] Ὦρι O bes Pa, an 

Tg $7 ||P31 ο 333K ΤΝ (42) 
Vg, O byo bya byy 

Mg, ο bso bs3 bsy RR 


Values of the load coefficients bjj; . . . bsy (eq. (h2)) are 


given in table VII together with their probable errors and the probable 
errors of estimate of the equations, all obtained in the same manner as 
with table VI. Also shown in table VII are additional equations for MR} 


and VRo» indicated by asterisks, which were calculated when it was found 
that the rear shear bridge in the equation for Mg4 and the rear moment 
bridge in the equation VRo were irrelevant. The coefficients of the 


bridges which were omitted were small with respect to their probable 
errors, and with respect to the terms which were retained. 


Based on the preliminary calibration coefficients given in tables VI 
and VII, the strain-gage bridges of equations (41) and (42) were combined 
electrically to pene combined bridges, according to the following 
equations: -- 


For the left side 


b b b 
Py 2 EE = = + Hip 
Ly LF; 537 “LR δι "IR δ “ἘΠ 
κ. εἶ dos "Wo 
Li beh ‘LF, bo, "IR LR boy "RT 
b b b 
^ Er PED: + Hy +2 μι (4.3) 
Lj 63) ‘LF, 63) “IR IR b3}, -FT 
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and for the right side 


"M 209 ΜΉΤ 
μ΄ "Va. b11 "Van b11 “RR 
b 
2l 
p = —— T 
b b 
31 35 
ρ = ----- + (4), ) 
TR, ^ bay Vr, bai VRR MER 
543 


ee 203 " 
Mg, b54 VRE bol "RR MER 


Final calibration.- The relationship between applied load and the 
response of bridges combined according to equations (43) and (44) was 
then obtained by applying 15 point loads per side. In this final cali- 
bration, symmetrical point loads were applied in addition to left and 
right unsymmetrical loads. The chordwise and spanwise locations of 
applied load for the final calibration are shown in figure 11. Since a 
given bridge was required in more than one equation of equations (43) 
and (44), a switching arrangement was employed in the calibration which 
automatically set up each combined bridge in sequence during the appli- 
cation of each point load. The values of p corresponding to each point 
load are tabulated in table VIII. Influence-coefficient plots for the 
combined bridges are given in figures 18 to 20 for the unsymmetrical 
loadings for both swept and unswept coordinate axes. 


Had carry-over effects not been present, the data of table VIII 
would have been used simply to obtain the final load coefficient οἵ 
and this procedure could ordinarily be used with wings, and for strain- 
gage stations located other than at the root. In order to provide a 
calibration which would permit evaluation of loads on both sides of the 
horizontal tail allowing for the carry-over effects actually present, 
the data of table VIII were used to compute the final calibration 
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coefficients to be used in final equations involving bridges on both 
sides of the structure. In general, these equations would have the form 


Vr. b ο ο ο ο b'g b'; bhg 0 ο] are 
ML, Ο b 'oo ο Q ο b ο b '27 b 'o8 ο | 0 ΡΜ 
Tis ο ο — b'g4 ο ο bigg b'g; b'ag 0 ο Py 
Vr, ο ο ο by, ο byg b'jg 518 ο ο PV, 
Mol | 0 ο ο ο diss b'sg b'sy b'sg ~O E Mel 12] 
Vg. b'&i b'g b'g 0 ο. meg O ο ο ο Pg 
Mp, b'3 b'g b'g O 0 O yp ο ο ο Mp, 
TR, bigs b'g big, ο ο ο ο τσ 0 ο PTR, 
Υπο b'g b'g b'g 0 ο ο ο ο big ο Pv, 
Mg, boi 9.10 bhos 0 9 ο © 0  Ó hoyo PMR. 


but all of the carry-over terms may not be required in any particular 
case. The values of the coefficients actually needed in these equa- 
tions are listed in table IX together with the values of the probable 
error of estimate of each of the 10 equations. 


As a check on these equations, three distributed loads B}, Bo, 
and B3 shown in figure 21 were applied to the structure. For these 


loadings, the response of each of the 10 combined bridges, the applied 
and calculated values of shear, bending moment, and torque, the dif- 
ferences and percentage differences are given in table X. 


DISCUSSION + 


Structure A 


The influence-coefficient plots, figures 5 to 8, for the point loads 
applied during the preliminary calibration of test structure A show that 
the response of the individual bridges to shear, moment, and torque is 
not as defined by equation (3), but includes some of the additional terms 
shown in equation (4). The torque effect is small in the midspar shear 
bridges (figs. 5(b) and 6(b)) and absent in the midspar moment bridges 
(figs. 7(b) and O(b)). With the exception of the left midspar moment 
bridge (fig. 8(b)) the moment bridges are comparatively free of the 
effects of nonlinearity, as shown by the straightness of the lines for 
the loading on each spar. In general, the response of each bridge to 
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carry-over is similar to the character of the response of the bridge to 
loads on the same side. The principal carry-over effect is one of 
bending moment. 


Comparison of the probable errors of estimate of the preliminary 
partial combination equations given in table II with the average applied 
loads shows that the simplified equation (37) is adequate for eliminating 
the effects of torque and the other terms in equation (4) responsible for 
curvature in the influence-coefficient plots. Although equations similar 
to equation (31) were not tested, it appears doubtful that their use 
would have given significantly better preliminary load coefficients for 
determining the combining ratios. 


The responses Py,» My? Pyp? and Mp of the four combined 


bridges based on the data of table II and equation (38) and shown in 
figure 9 in influence-coefficient form indicate that the combined 
bridges are essentially free of the effects of chord position of load. 
They are affected to some extent by moment on the opposite side, since 
in writing equations of the form of equation (37) this effect is not 
eliminated until the final calibration. The final equations for evalu- 
ating Vr, Μτ, Vp, and Mp used for evaluating these loads in flight 


and given in the lower half of table II indicate probable errors of 
estimate and probable errors in the coefficients of the same order of 
magnitude as the preliminary equations. The probable errors of esti- 
mate are roughly 1 percent of the average applied loads. The comparison 
shown in table III of the applied check load A, with the loads given 


by the final equations shows that the differences are less than would be 
expected from the size of the probable errors in the coefficients of the 
final equations. In general, these errors are of the same order of 
magnitude as the experimental errors. 


Structure B 


The influence-coefficient plots for the shear, moment, and torque 
bridges of structure B, figures 12 to 16, show marked curvatures of the 
sort which may be ascribed to the presence of the higher-order terms of 
equation (4). When values of the influence coefficients for bridges at 
station 2 (fig. 17) are plotted against distance along the sweep axis, 
the plots show the same curvatures as are shown in figures 13 and 15, 
but front- and rear-spar bridges reflect more clearly the effects of 
the chord position of the load relative to the bridge location, as in 
Structure A. Thus measurement of loads on axes related to the sweep 
axes may be treated in the same way 88 measurement of loads on an 
unswept structure. In view of the similarities between the influence- 
coefficient plots of bridges at station 1 (parallel to the center line ) 
and those of station 2 (perpendicular to the sweep axis), the use of 
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Strain-gage bridges in the root area of a swept structure does not 
appear to present any problems which are essentially different-from the 
use of bridges in the root area of an unswept structure. The use of 
such bridges offers the additional advantages of moment and torque axes 
which correspond to the usual axes for load distribution and airplane 
Stability determinations. ος " 


The preliminary combining equations for the left side, equa- 
tion (41), and the right side, equation (42), differ since more bridges 
with different characteristics were available on the left side than on 
the right. Comparison of the values of probable errór of estimate for 
the best preliminary equations, table VI, with the corresponding prob- 
able errors of estimate given in table VII shows that load measurements 
on the left are probably more accurate than those on the right. 


As an illustration of the improvement in measurement of shear on 
the left using the four bridges combined according to equation (41) 
ΣΟΥ στ’ over the results which would be obtained by using say only 


the front-spar shear bridge at station 1, the application of least 
Squares and the data of table V to an equation of the type ‘Ly = OMY, e 
ι 1. 


shows that 


Vp, = LOL p, 


and the probable error of estimate P.E.(Vra) is 92 pounds. Had this 


measurement been &ttempted by using the best combination of both front- 
and rear-spar shear bridges the equation would have been 


ns PSOH and 336uy,. 


and the probable error would have been 29 pounds. Addition of the rear- 
spar moment bridge gives : | 


Vp, = 608. p, + 38y a - 19h. 


with a probable error of 13 pounds, while addition of the torque sensi- 
tive shear type of bridge in the rear top torque box gives the equation 
(from table VI) 


Vp = SHO p + νομος - 220hy,, + μα 
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with & probable error of estimate of 9 pounds. The improvement in each 
equation in turn as measured by the probable error of estimate is 
statistically significant. 


The outputs of the combined bridges, with outputs given by equa- 
tions (43) and (44), should have been pure shear, moment, or torque inso- 
far as the asymmetrical loadings are concerned. As shown by the span- 
wise or chordwise variations of the values of influence coefficient, fig- 
ures 18 to 20, the combined shear bridges are very nearly pure shear 
bridges; for the moment bridges, the influence coefficient varies directly 
with the distance outboard of the gage station, and, for the torque bridge 
(fig. 20), the influence coefficient varies directly with distance from 
the torque reference axis. As in the case of the probable errors of 
estimate, the combined bridges on the left side are generally better than 
the combined bridges on the right. These plots also indicate a loss of 
response for the shear bridges at station 2 (fig. 19) when the load is 
applied on the front spar in the vicinity of the bridge station. A 
similar loss of response was evident for the front-spar shear bridges 
at station 2, figures 12(b) and 13(b). This loss in sensitivity appears 
to be a local effect, associated with the fact that a bridge does not, 
in general, respond to a load applied inboard of the bridge, and it has 
only a limited influence on the precision with which shear can be 
determined. 


Examination of the effects of carry-over, shown in table VIII and 
figures 18 and 19, shows that in three out of the ten cases ( vro: ep. 


and utr, ) bridges combined on the basis of loads applied to the same 


side had negligible carry-over effects. When final combining equa- 
tions (45) were developed, application of least-squares principles 
showed that in these three cases the coefficients for all the bridges 
on the opposite side could be neglected, as shown by the zeroes in the 
equations for Viug» Thy» and. MR, presented in table IX. In the case 


of ντο and TR the final equations required the inclusion of an 
additional bridge on the same side. 


The final equations shown in table IX have probable errors of esti- 
mate of roughly the same order of magnitude as the experimental data. 
The shear values of the three distributed loads Bj, Bo, and B3 


obtained from the final shear equations are more accurate for the 

left side than for the right side for station 1 (see table X). For sta- 
tion 2, the shear values for the left side are not so accurate as for 

the right, but are still within the limits that would be estimated from 
the probable errors of the load coefficients. When the distributed 

check loads were applied with sand bags to structure B, center-of-pressure 
locations could not be held to the precise limits possible with the 
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relatively smaller pads used for applying point loads. A comparison, 
therefore, of the differences between calculated and applied bending- 
moment values for the left and right sides is not especially signifi- 
cant. The largest difference in inch-pounds is equivalent to an error 
in center-of-pressure location for τ distributed load of 1.8 inches 
or 2 percent of the semispan. 


Application to Other Structures 


Outline of steps in calibration procedure.- Application of the 
basic load calibration method to wings and vertical tails differs in 
no essential detail from the general procedures just described for the 
two horizontal stabilizers. Since the basis of the method is general, 
the method is applicable to other types of aircraft structures, such as 
control surfaces or landing gears. No hard and fast rules of procedure 
can be given which will apply to all cases, since each structure pre- 
sents individual problems, some of which cannot be recognized until the 
data of the preliminary calibration are analyzed. Certain steps which 
are common to all calibrations may be outlined, however, and the first 
of these is installation of the strain-gage bridges.  Shear- or moment- 
type bridges should be so oriented as to respond primarily to the forces 
or moments which they are intended to measure. Since it can usually be 
assuned that such bridges will respond not only to the desired force or 
moment, but to other forces or moments as well, enough bridges must be 
installed to permit development of the appropriate equations relating 
load and bridge response. 


The second step in the calibration procedure involves a choice of 
the calibrate loads. This choice involves a selection of the points of 
application and the shear values to be applied at these points. For the 
principal lifting surfaces a minimum would appear to be three chordwise 
positions at each of three spanwise stations of each panel. The shear 
values will ordinarily be determined by a safe local stress. 


The third step is application of the calibrate loads. These are 
ordinarily most easily applied with jacks through pads large enough to 
prevent local buckling. In order to assess any possible effects of 
elastic lag, application and removal of these loads by increments is 
recommended. To provide data for evaluating the effects of carry-over 
the loads should be applied to one side alone, to the other side alone, 
and to both sides simultaneously, as with structure A. 


The fourth step in the calibration procedure involves evaluation 
of the preliminary calibration data.  influence-coefficient plots pro- 
vide a useful guide to the characteristics of each bridge, and thus 
assist in establishing the form of the preliminary calibration equa- 
tions. <A further guide as to the choice of bridges lies in calculation 
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of the probable error of estimate and the prob&ble errors of the load 
coefficients of the preliminary equations. 


The final step in the calibration procedure depends upon the 
results of the preliminary calibration, in relation to the electrical 
recording equipment available and the number of different loads which 
it is desired to measure in flight. If measurements of shear, bending 
moment, and torque are desired, and carry-over effects are present such 
that all bridges are affected by shear, bending moment, and torque of 
both sides, then full electrical combination appears to be impracticable 
since all bridges would need to be installed in sextuplicate. On the 
other hand, these six quantities could all be determined by numerical 
evaluation of the individually recorded responses of a much smaller num- 
ber of bridges. An example of a compromise between these two extremes 
was provided by structure A where a partial combination procedure was 
used which required only four recording channels for flight measurement 
and did not require the multiple installation of strain-gage bridges. 

If a bridge-combination procedure is to be used for flight recording, 
the structure must be recalibrated in order to determine the final cali- 
bration coefficients. A distributed load should also be applied as a 
check on the final calibration equations. For wing structures where 
application of distributed loads may not be practicable, check loads may 
be applied through the jacking points. 


Flight load measurements.- A strain-gage installation calibrated 
according to the methods given in the present paper will measure struc- 
tural loads relative to some reference condition. The load on the air- 
plane on the ground is the most easily determined reference condition. 
Provided the landing gear is inboard of the strain-gage station, changes 
in strain-gage response from the ground to flight at lg are proportional 
to the aerodynamic load. If the airplane weight is carried at points 
outboard of the strain-gage station, corrections for the wheel reaction 
are applied. Corrections must also be applied for any changes in weight 
distribution outboard of the strain-gage station. Under accelerated 
Plight conditions the loads measured by the strain-gage installation are 
structural loads, and inertia loads must be added in order to obtain aero- 
dynamic load. 


Some instrumentation requirements.- Strain-gage installation methods 
such as those given in references 10 and 11 are satisfactory for loads 
measurement, provided four-active-arm bridges with matched individual 
gages and short interconnecting leads are employed, as illustrated in fig- 
ure l. Direct-current systems at present provide the most stable circuit 
characteristics for measuring bridge output, and thus are being used for 
flight aerodynamic loads measurements by the NACA. 


Because of the possibility of sensitivity changes or of zero drift 
in the recording apparatus, provision must also be made to account for 
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such changes. Changes in sensitivity result from changes in supply 
voltage to the strain-gage bridge and to the recording galvanometer 
elements; drift results from temperature effects on the galvanometer 
elements and from temperature effects on the structure. Although drift 
due to changes in temperature is minimized by the use of four-active- 
arm bridges, as shown in figure l, stresses introduced by temperature 
gradients within the structure are not compensated and a temperature- 
calibration procedure would be needed if these effects were appreciable. 
Although sensitivity changes and galvanometer drift are generally small 
with direct-current strain-gage equipment, in practice it has been 
desirable to take calibrate signals along with the ground zero records 
and before each run in flight. A no-voltage galvanometer zero is also 
recorded on the ground &nd before each run in flight. With the use of 
this information, corrections can be applied to the strain-gage- 
deflection data of each run to refer it to & ground reference condition, 
which eliminates the necessity for establishing in-flight reference con- 
ditions by means of special maneuvers. 


CONCLUDING REMARKS 


The general principles outlined in the previous sections have been 
successfully applied to many more structures than have been used as 
examples in this report. Although the point load method has for some 
time been the standard calibration procedure at the NACA, the particular 
methods for reducing the data and of combining gages given in the pres- 
ent report are the result of continual improvements. They are still 
Subject to a certain extent to the judgment-and experience of the 
engineer. Although improvements in detail are still possible, it 
appears that future work should include the effects of temperature 
gradients within the structure in anticipation of measuring loads under 
supersonic-flight conditions where thermal effects may be appreciable. 


Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., Aug. 12, 1952. 
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APPENDIX 
SIMPLIFIED CALIBRATION PROCEDURES 


The fact that the response of several bridges in structures A 
and B is apparently adequately represented by the simple linear relation 


Hi = Q41V + Q4 oM + Q4 3T 


for certain regions of load application suggests that the calibration 
procedures outlined in the present report could be considerably simpli- 
fied. One such simplification could be the arbitrary application of three 
calibrate loads to a structure with three bridges, and determination of 
the calibration coefficients by the solution of the three sets of three 
simultaneous equations. 


If small departures from the preceding equation exist, the values 
of the coefficients obtained depend upon the three points chosen for 
load application. In addition small errors in measurement greatly 
influence the values of the coefficients. Unlike results obtained by 
least squares, the solution of three such simultaneous equations offers 
no information about the reliability and does not permit assessment of 
reliability for other loading conditions. Since neither the effect of 
errors in measurement nor the existence of small departures from the 
previous equation can be determined from three applied loads, such a 
simplified point load calibration is not recommended. 


All the disadvantages inherent in simultaneous-equation solution 
for calibration coefficients are present in a commonly used method of 
calibration in which a pure shear, a pure torque, and a pure bending 
moment are applied to a structure and coefficients determined by 
simultaneous-equation solutions involving the response of three bridges 
to the three applied pure loads. Conformity to the previous equation 
cannot be established by the application of only one pure shear, one 
pure bending moment, and one pure torque but only by the application of 
loads at many chordwise and spanwise stations. Since the application 
of many pure loads to & structure is also difficult (requiring special 
jigs and fittings), it offers no particular advantages as a calibration 
procedure. 


The maximum value of load which can ordinarily be applied to a 
structure at a given point without risk of local failure is in many 
instances small as compared with the magnitude of the loads measured in 
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flight. A method of calibration which permits the use of large dis- 
tributed loads has also been investigated. This method in certain 
limited applications would permit the determination of not only the 
total load, but also the magnitudes of the various components such &s 
the additional and basic air load distributions. The basis of the 
method lies in the fact that, for a particular distribution of load, 
the response of a strain-gage bridge will vary linearly with the magni- 
tude of that load. Considering the total load to be made up of several 
such distributions, some of which will be symmetrical or antisymmetrical 
zero-lift distributions but all of which will have root-bending-moment 
values Μι, . . . My, the following equations may be written to express 


the response of n different bridges to the n loads: 


{μι} - [24 5 | iu) (Al) 
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The coefficients a,;, are determined from the strain responses H4 
for loads Mj to M, as 


ἀν 
Q43 = M; - - . 8) 


The equations for use in evaluating the load components are then given 


{πὶ} = [43] E (A3) 


The total moment on the structure is 


M= >} M (Ah) 
The shear components V3 are 
M 
Vj = T (A5) 


and the total shear is 


v=) Vj (A6) 
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The torque components T; are 


I; = ΚΙ (AT) 


where LE expresses the exact relationship which exists between the 


moment and torque for any particular load distribution. The total torque 
is | 


T = ) T, (A8) 


In practice, if four strain-gage bridges were available, four dif- 
ferent load distributions representing the principal components of the 
load on say a wing panel such as additional, basic, aileron deflection, 
and damping in roll distributions could be applied in the calibration. 
The method suffers from the disadvantages inherent in solutions based 
on simultaneous equations involving an equal number of loads and bridges. 
If the flight loads were actually a composite of various proportions of 
the calibrate load distributions, then useful information about distribu- 
tion could be obtained, but changes in the shape of any one distribution 
can result in unrealistic values for all the distributions. A comprehen- 
Sive test of the distributed load calibration method has been made. The 
data which illustrated the importance of the foregoing shortcomings are 
not included in the present report, since it is believed that such a 
method of studying flight loads would be restricted to low-speed tests 
of rigid structures, and is not sufficiently flexible to give useful 
information in general flight loads investigations. 
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TABLE I 


PRELIMIWARY AND FINAL CALIBRATION DATA - SYHUCTURE A 
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TABLE Il 


Ot 


SUMMARY OF LOAD COEFFICIENTS AND PROBABLE ERRORS FOR STRUCTURE A 


Opec remm = 
Preliminary 
y 811 δρ ΜΒ 811 516 PiE. (YL) lb 
L 570 i 10 -1300 t 35 i (ah 4 3) x 175. | (8 £ 3) x 104 28 
M, κος P.E. Qr) im 1n.-1b 
ο. t 3570 | 98,550 AUNT 1, Bo 1 1860 (830 + 70) x 10-4 
81] "e P.E. Na lb 
Του $ 3 330 3 (7 + iy x 3105 | (35 + ki x 17 
Hn 1 E 
12,950 t 2250 ees S απ ae eee 


Final 


Load coefficient, a's; for equation (39) 


ahh P.E. (Ma), 1n.-1b 
50,810 t 1170 479,970 + 1790 1060 
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TABLE IIT 


DISTRIBUTED CHECK LOAD DATA FOR STRUCTURE A 


Combined bridge response, p 
εεττ 


Shear and moment comparison from equation (39) 


Distribution 
(fig. 10) 


Applied 
Calculated 
Difference 
Percent difference 


HE 
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TABLE IV.- LEFT STABILIZER SHEAR EQUATIONS FOR STRUCTURE A 
(a) Preliminary equaticcs 
From table I and equation (37), {vs} = Hal] (o 


" Pre LF PR Αχ} My x i03 
1 ο -0.322 -0.143 -0.223 0 90.15 
2 ο -0.303 -0.121 -0.187 ο 90. 15 
| * bed a doi 
11 500 0.619 0.187 0.631 $0.15 9 Bip 
* . . * “13 
» » . » " alk 
136 
23 1500 0.668 -0.386 0.418 161-63 16Τ.63 
n = 27 2500 -0.016 -0.542 2.886 T9. 38 το, 38 
22,039 15.091 -4,831 9.650 "0.5017 x 10? 11.196 x 105 
r -12,290 4. 831 3. 470 -6.52 --5. 268 x 105 -6.161 x 105 
helt il - $3,417 > and ons sia] - 9.650 6. 652 αφ σα ` 6h03 X 10) 20.2235 x 109 
1 BA x 105 -0.509 x 10  -5.268 x 100 6.103 x 10 25.513 x 1010 12,8 x 1010 
29,697 x 102 [11.196 x 105  -6.1&L x 10 20.225 x 10? 19.158 x 1010 — 25.515 x 1010 
Using tbe atep-by-step procedure for solving simultaneous equations given in reference 12 l - 
0. 20062 0. 42932 0. 08013 0.12568 x 10-2 -0.11270 x 10-2 
ο. 42932 1-Q578T 0. 30065 ο. 36165 x 107? -0.21872 x 10-2 
st - 
fient] - 0.08073 0. 30066 0.13355 0.08599 x LaF -0.11166 x 10-5 


0.12068 x 107? 0.38465 x 10-5 0.06599 x 10-5 0.15392 x 10710 -0.10672 x 10-10 
-0.11270 x 10-5 — .0.21872 x 105 -0.11168 x 1070 -0.10871 x 101 0,17872 x 19-10 


From ecuztion (39), 


5} | 561.» 

514 E -1305.5 
- R R R 1 - 

i [peri Aie "uie 

215 75.1 x 197? 


From table I, > vu? - 52,500,000 and Tros equation (19), 


22,839 
-12,290 
S «ιβ m 52,500,000 - (567.5 -1305.5 571.9 242.5 x 1075 75.1 x 10-3} 33,417 = 37,006 
24,848 x 102 
29,697 x 102 
From equation (18) for n = 27 and q » 5, the probabla error of eati-ate P.E.(Vr) = 28 15. 


à EMIT 
By using the elements on the principle diagonal of the inverse loed metrix Miete ie [1] ard equation (22), tbe probable errors in 
the preliminary load coefficients were 


F.E.(a21} ¥o. 2006 +12 
P.E.(a12) γι. 6579 336 
Ρ.Ε. (414) = 26 γο. 1335 s £10 


P.E.(a31) 10.1239 x 10-10 £11 x 1072 
Ρ.Ε.(α]6) yo. 1787 x 10-19 £12 x 10-2 


From ecuation (32), the calculated attenuation required for electrical combination of the three shear bridges mounted on the left 
stabilizer vere 


2ΤΟ 2ο 
PV, " Zy3oo War * "rx γος "ΙΧ 


Simil&r procedures were followed to obtain Prg s Pya? ant Duy 
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TABIE IV.- LEFT STABILIZER SHEAR EQUATIONS FOR STRUCTURE A - Concluded 
(b) Final equations 
From table I and equation (39), teu = ||P iHe} 


I Pyr, PM. PMR 
l. ο -0.01T -0.013 0. 191 
e ο -0.017 -0.120 0.191 
11 500 0.067 0.176 -0.016 
Β 11 
; ° MT. 
τ t 
. & ih 
23 1500 l 0.170. 0. 315 0. 332 
n= 27 2500 0.266 0. 405 ο. hh3 
143.5 0. 9836 0. Τ6Τ5 0.270 


liene = 4219T1.0» and [tei Hell] = |0.7675 0.9586 0.3833 
2718.0 


10. 2704 0.3833 1.109% 
2.71949 -2.21879 0. 10379 


-1 
[ie E llo. Il =- |-2.21879 3.02070 -0.50291 
0.10379 -0.50291 1. 04989 


e^ ch 
i -1 
&'15 = |i1t* Ile i] [25 {vn} = 4 294,1 
S 679.7 
From table 1, > (0? = 52,200,000 and from equation (19), 
7153.5 
> ew? = 52,500,000 - [6846.4 295.1 619. T] 4 5797.04 = ko,hig 
2118.0 


From equation (18) for n = 27 and gq = 3, the probable error of estizate P.E.(Vr) = 28 1b. 


By using the elements on the principal diagonal of the inverse matrix [uei ien] and equation (21), 
the probable errors in the final load coefficients were 


P.E.(a'14) V2. T195 £h6 
P.E.(a'jo) > = 28 <V3.0207 > = «3ἱ9 
P.E.(a'y),) γι. 0499 i29 


Ihe final left stabilizer shear equation which was used for the evaluation of the flight data vas 


Vr, = (6845 + 45)ey, + (295 t 50) Pa, + (680 t 30)ρμῃ 
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TABLE V 


PRELIMINARY CALIBRATION DATA - STRUCTURE B 


| raped sont loads Left stabilizer Right stabilizer 


Thu 11) ΧΟΡ E κ 105} 4 T' x 10 
: hyip. | Pv Hy "ge. | Hye |" "wp, | "M 
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TABLE VI 


SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRORS FOR STRUCTURE B - LEFT SIDE 


Equation for Inad coefficient, bjj for equation (40) ΛΓ 


c 


EBS 
i+ H {ΣΡ 


p; oN 


ia 
e 


-2635 t 350 
-1920 + 330 
-2260 + 310 
-BBe + heo 


bio 
510 t 1h 
h15 + 15 
hj5 t 12 
h55 X 1k 3 | -37421 | ----------- h6 t 26 


125 = 22 


απ 


πῶ; anb ταὶ νον um mh apà Qd ud qu m 


beo 
-5690 + h30 | 3570 t 290 | 32,200 t hoo | 310 t 680 | ----------- | ----------- | ----------- 
Mro -6390 t 320 | 3960 t 150 ----------- 
-58Bho t 390 ———— 
-5ho0 + 370 -hoo + 710 


"Equations used for determining combining ratios. 
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TABLE VII 
SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRORS 


FOR STRUCTURE B - RIGHT SIDE 


Equation Load coefficients, bjj for Probable error of 
for equation (42) estimate, P.E. 
PER ο b13 bik 
655 + 10 380 4 5 -225 t 10 


boy Poh, P.E. (Mp,), in.-1b 
"ES 3150 i 525. 27,240 + 490 557 
x 27,245 t435 548 
T. b3h P. E. (Tr; ); 1b-in. 
1 17,075 #450 509 
b43 
^ 420 + 10 
395 3 8 


P.E. (ο) in.-lb 
403 


"os 
2700 € 915 | 31,565 t 350 


*Equation used for determining combining ratios. NACA 
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TABLE VIII 


FINAL CALIBRATION DATA FOR STRICTURE B 


ποιοι. 1οεᾶ Left stabilizer Right stabilizer 


ο ) M 107] μρ' x 107, | NIE... NE 
no. fig. "ul i Χ x "x 107, ρ ρ 

1n.-1b μιν 1b-1n. "Vi [τν [ML [e Pvm; | Ὕβρ | "Mn; | Mro | Try 
ο ο S 


PR 
* * . 9 
* * . υ 


TARREI TE: 


$883353335235 


PREM EP HHHH HH 


PRE PPR Ε΄ 
I LJ LJ 
œ 00 


MEW Ul Ove -3 ΟΡΟ Ὁ 
LJ * 
Ὧ Ὁ 
ro 
Hd! 


$5988 


HHBHPmHHEHPHIL 
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6 
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} 
3 
3 
2 
2 
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EESE 


|p*pHPHPHpPHH 
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TABLE IX 
SUMMARY OF FINAL LOAD COEFFICIENTS AND 


PROBABLE ERRORS FOR STRUCTURE B 


Final 
equation Load coefficients, Ὁ} for equation (45) Probable error 
for of estimate, P.E. 


biz b'48 P.E. (ντι), lb 
en! t 2 -90 t 15 90 + 10 10 
b'o6 b'og P.E. (M14); in.-1b 
33; - : 235 | 525 + 190 "m. : m -hoh5 £ 325 429 


P.E, (111); Jb-in. 


b 36 b'38 
ο 

"hT b'48 

ο o 

b'6o b'66 

-200 t 25 | 200 - 20 185 £5 

"Te T 

32,315 4 325 


iB 


b'g b'g6 b'a8 
-1670 E: 430 | 2430 ἆ re 16,545 + 565 


b'91 b'9go 

ο -115 t 30 ü i 25 z 

- 1 b'10,2 b'10,10 in.-lb 
7300 + 121 am i 905 | 36, 965 t--475 NL 


P.E. (TR, )» lb-in. 
1017 


P.E. Une) 


TABLE X 


DISTRIBUTED CHECK LOAD DATA FOR STRUCTURE B 


Combined bridge response, p 


"n 


Distribution 
(fig. 91) 


Shear, moment, and torque comparison from equation (45) 


Applied 
Calculated 
Difference 

Percent difference 


Applied 

Calculated 
Difference 

Percent difference 


Applied 

Calculated 
Difference 

Percent difference 


c662 NL VOVN 


δη 


(b) Electrical-circuit diagram for 8 
Single four-active-arm bridge. 


(c) Electrical-circuit diagram for two bridges combined. 


Figure 1.- Typical strain-gage installation and electrical-circuit 
diagrams for a single four-active-arm bridge and for two bridges 


combined. 
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x Shear bridge 


-- Moment bridge 


Fuselage side 


Rear spar 


Midspar 


Front spar 


g, 


Right stabilizer Left stabilizer 


Figure 2.- Strain-gage bridge locations for structure A. 
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Figure 3.- Strain-gage bridge locations for structure B. 


Gage station 1 
Gage station 2 
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Figure 4.- Loading points for structure A. 
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8 x 1074 
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Figure 5.- Influence coefficients for structure Α - uncombined right 
Shear bridges. 


NACA TN 2995 


12 x 1074 


Applied left load Applied right load 
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Figure 6.- Influence coefficients for structure A - uncombined left 
shear bridges. 
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20 x 1054 


Applied left load Applied right load 


(b) Mid spar, 
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(c) Rear spar. 
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Figure 7.- Influence coefficients for structure A - uncombined right 


moment bridges. 
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Applied left load Applied right load 
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Figure 8.- Influence coefficients for structure A - uncombined left 
moment bridges. 
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8x 1074 5 
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Figure 9.- Influence coefficients for structure A - combined bridges. 
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Figure 10.- Symmetrical distributed check load Ay » applied on structure Α. 
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(c)Rear spar stations 1 and 2. 
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Figure 12.- Influence coefficients for structure B - uncombined right 
shear bridges. 
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(8) Front spar station 1. 


-4 
16 x 10 (b) Front spar station 2. 
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Influence coefficient τ 
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8 (ο) Rear spar stations 1 and 2. 
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Figure 15.- Influence coefficients for structure B - uncombined left 
shear bridges. un 
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(a) Front spar station 1. 
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Figure 14.- Influence coefficients for structure B - uncombined right 
moment bridges. 


64. 
-4 
16x10 f ^ 
o nu 
J O 
" > ο 8 
St Ὁ 
8 γν Ὁ (a)Front spar station 1, 
w~ O 
ἀρ = : 
4 Q - Row 
: >. - OQ Front 
Gage location [3 Mid 
um" o ORear 
0 
-4 1 | | | | l | | 
18 x 107* 
ΖΒ 
© 
E up 
Su 
Cup a, 
= > Bo 
42- 8 S [ ~ ο 
5 Ως. -i (b) Front spar station 2, 
9 E 
d O [3 ο 
B 4 T u 
o Gage location Q; 5 
6) 
5 4) 
a 
H ο ποσο 
» | | ' 
20x 107* 


18 


12 


Gage location 
(c) Rear spar stations 1 and 2. 


0 
0 10 20 30 40 50 60 7 το | 80 


Distance along semispan from center line $ 1 


NACA TN 2995 


Figure 15.- Influence coefficients for structure B - uncombined left 


moment- bridges. 
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3 Figure 16.- Influence coefficients for structure B - uncombined left 


torque bridges. 
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Figure 17.- Influence coefficients for structure B - uncombined left 
shear and moment bridges, gage station 2. 


| 
70 
in, 


B 


£662 NL VOVN 


12 - 


Applied left load Applied right load 


C662 Nun VOVN 
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Figure 18.- Influence coefficients for structure B - combined bridges, 
gage station l. 
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Figure 19.- Influence coefficients for structure B - combined bridges, 
gage station ο, 
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: Figure 20.- Influence coefficients for structure B - combined torque 


bridges. 
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Figure 21.- Distributed check loads 3, to B5 applied on.structure B. 
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